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Methodology 87
The technical design of GFSP-1 consists of CA framework and the SIFDS formulation. CA 88 signifies a set of mathematical procedures that solve complex systems on cellular spaces in 89 which time is discrete and a set of universal laws apply (Engelen et al., 1995; Wahle et al., 90 2001) . It represents one of the most recent efforts to address the gaps in the science of 91 flood modelling (Cirbus & Podhoranyi, 2013; Liu et al., 2015) . The popularity of CA in the 92 physical sciences is linked to the work of Von Newman and Stanislav Ulam in the 1940s and 93 has since gained significant attention in many research areas to dynamically model systems 94 whose states evolve with respect to time and space (von Neumann, 1951) . The relative 95 advantage of CA over other techniques for simulating physical systems is its ability for 96 spatial and temporal discretization (Ghimire et al., 2013) . In the context of flood modelling, 97 this advantage is expected to scale down the computation burden associated with physically 98 based numerical models. The CA framework proposed in this research encompasses the 99 four essential features of an ideal CA system. These include; the mesh of cellular space, 100 neighbourhood, transition rules and boundary conditions. CA formulation presented in 101 Ghimire et al. (2013) has two additional elements, system state and time step. Time step is 102 an important factor not only for CA framework, to determine the pace at which the model 103 operations progress, but also in the simulation of dynamic systems elsewhere. each stage of the model iteration. In the present CA formation, a set of four transition 124 rules were implemented. They include: rule for adding rainfall into the individual cells 125 and excluding losses especially through infiltration and evapotranspiration, rule -based 126 on Manning's formula (equation 1) -to determine the length of time water stays in the 127 cells before distribution, rule -based on equation 2 -to compute the amount of water to 128 be transferred as flux from the principal cell into neighbouring cell. In actual fact, the 129 hydraulic differences between the principal cell and the neighbouring cells drive water 130 movement. This is the routing scheme for GFSP-1, by which water is transferred from 131 the principal cell into whichever neighbouring cell has the lowest elevation. This scheme 132 has the effect of reducing the computation time of the model and allowing water to flow 133 over a variable urban terrain without causing much computation errors to the predicted 134
values. The final rule controls the minimum water level which each cell can retain. In the 135 present model, water depth <= 0.01 is considered zero. By doing this, the model 136 separates flooded cells from empty cells, and thus reflects the concept of wetting and 137 drying which is fundamental in urban flood modelling. ) and S f (-) is the water surface slope, computed using the method proposed in 145 Zevenbergen and Thorne (1987 156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175 The SIFDS that couples with CA in the present model is based on the original work of Casulli 176 (1990). It is an attempt to provide a realistic flow solution at a reduced computation cost 177 within the framework of unconditional model stability. Casulli (1990) derived the SIFDS on a 178 staggered grid using a combination of explicit and implicit numerical schemes. The free 179 water surface slope in the momentum equations and the velocity in the continuity 180 equations with friction terms were discretised implicitly. This removes the stability of the 181 model from wave celerity. The other terms in the shallow water equations (SWEs) were 182 the cell (i.e. ‫ݔ݀‬ * ݀‫ݕ‬ሻ and multiplied by the model time step, using equation 4. figure 3 ). The metropolis is a densely populated urban area 268
with an estimated population of over 21 million people (LSG, 2012). The city is annually 269 threatened by flooding from excess rainfall, which was not infiltrated due to much 270 impervious surfaces, nor evacuated by available drainage facilities. The July 2011 event 271
which was triggered by heavy rainfall that lasted two days remains historic in terms of its 272 large scale impacts on human population and development assets. The meteorological data 273 for the event suggests that approximately 463 mm of rainfall was recorded for the month, 274 although most of the rain fell within 17 hours of the 10 th day (IFRC, 2011; Adelekan, 2015).
275
Losses estimated at millions of USD were incurred from the event. Unfortunately, the lack of 276 data relating to flood depth and extent was a major constraint to GFSP-1 model validation.
277
Although, there have been major flood management efforts, flooding and its threats are still 278 important problems, especially among the poor urban communities who lack the capacity to 279
cope and the means to adapt with the challenges (Adelekan, 2010 The key data used in validating GFSP-1 is the LiDAR DEM, which within the present test case, 306 covers some places within Eti-Osa and Lagos Island
LGAs. The Lagos LiDAR data which comes 307 in the original (.las) format was acquired from GIS section of the Lagos state office of Lands 308
and Survey. Lagos is the only region in Nigeria that has acquired such a dataset. Each tile 309 forms a regular polygon dense of DSM, measuring 500 meters by 500 meters (see figure 4).
310
The horizontal and vertical resolutions are 1m respectively (although each tile was 311 subsequently resampled to a 2-m horizontal resolution to ease the computation burden of 312 GFSP-1). Each tile cost about twenty thousand Nigerian naira (i.e. £90 using the 2013 313 exchange rate). It was reported by Nkwunonwo et al. (2016) that the cost of acquiring these 314 datasets remains a significant constraint to flood modelling in Lagos. However, in the 315 present research, 32 tiles were acquired for this research, to delineate flood hazard on a 316 relatively wider spatial extent. 317 318
These 32 tiles are unable to facilitate a nuanced understanding of the elevation differences 319 of the study area, and how they affect the simulation results. Thus, a 35-meter elevation 320 map of Lagos, which displays range of elevation with different colours, shown in figure 4a, 321 will be superimposed on the simulated results. The map was generated using elevation data 322 from NASA's 90m horizontal resolution SRTM data. 323 324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343 The rainfall datasets were acquired from NIMET. Two months rainfall data at a daily amount 344 sampling rate were acquired (see table 1 ). To obtain effective rainfall intensity for the 345 simulation, average of respective intensities was taken (a solution that is being proposed in 346 the literature) (for example Chen, 1983) . For the present model, it is assumed that effective 347 rainfall intensity disaggregates the daily rainfall amounts to hourly measures, so that 348 simulated flood inundation can be characterised over the recorded duration of the rainfall 349 (Wójcik & Buishand, 2003 369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400 401 402 
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An on-site survey was conducted over the areas covered by the acquired Lagos LiDAR data. 478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507 GFSP-1 provides a link with the user through an input file (input.txt) which must be located 508 in the same folder as the DEM and the model code. The input file is editable and allows the 509 user to enter the DEM name, rainfall intensity, and the assumed Manning's Coefficient 510 value. Initial and final times of simulation are also entered in the input file. The model 511 requires MATLAB TM program to be pre-installed and running on computer system. To 512 enhance the computation speed the model, a minimum processing speed of 2.0GHz along 513 with a minimum RAM of 2GB will be desirable. 514 515
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Once the model begins to run, effective rainfall is assumed to land uniformly on the domain.
516
Hydrological losses entered into the input file are accounted for. The water depth is 517 outputted at the interval based on the user's specification. This is to enable the end-user to 518 have a closer idea of the time-variant flood water depth and extent. In the test cases 519 reported later, water depth is output at 30 minutes, 2 hours, 5 hours, 8 hours, 11 hours, 14 520 and 17 hours epochs. Some models such as the LISFLOOD-FP specifies a regular interval, for 521 example 10 minutes to output water depth, which means that on a simulation that will last 522 two hours, twelve outputs of simulated flood water depth and extent are expected. 523 524 525 526 
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P a g e | 13 527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557 From figure 6 above, it can be seen that within the chosen area, GFSP-1 simulated flood 558 inundations in locations that matched the actual locations of inundation, following the 2011 559 flooding event. Only P3, an area known as Onikan within Lagos-Island was wrongly 560 predicted, as there was no evidence of flood inundation there. To critically assess the 561 performance of GFSP-1, and to understand the true impact of the 2011 in terms of spatial 562 and temporal flow variability within the case study, six locations were selected and studied. flooding at locations having lower elevations within the study area. This follows the routing 570 scheme which transfers water to a neighbouring cell with elevation value lower that the rest 571 of the cells within a specified neighbourghood system. 572 573 584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630 631 632 633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682 683 684 685  686  687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704  705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734 735 736 737  738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786 787 788 789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824  825  826  827  828  829  830  831  832  833  834  835  836  837  838 839 840 841  842  843  844  845  846  847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883  884  885  886  887  888  889 890 891 The plots of water depth vs. time ( figure 13) 941
Results and Discussion
From the temporal variations of inundation depth at the chosen locations shown in figure  942 13 above, the simulated water depth generally increased rapidly within the first two hours 943 of the rainfall. Throughout the duration of simulation, results of simulated flood inundation 944
show that water depth gradually increased or remained constant. It is likely that at these 945 time intervals water is being transferred from filled higher cells (possibly the higher 946 grounds) to lower cells (i.e. the downstream sub catchment areas). 947 948
GFSP-1 simulates flow on downslope direction, which means that water will continue to be 949 transferred from the principal cell to any cell with lower elevation within the neighbourhood 950 system. Water is also transferred if a transition rule detects any available spaces within the 951 intervening lower elevation cells in the neighbourhood system. The smooth curve in figure  952 13 shows that the model simulation output are stable despite the absence of a stability 953 condition, which is often used in many numerical flood models. Manning's friction 954 coefficient used in the GFSP-1 is important to maintain a gradual of water between cells in 955 order to eliminate subcritical and supercritical phenomena which could render the results of 956 the model unstable.
958
To complete the validation of the GFSP-1 model against the social media-based data, flood 959 water depths were estimated from the six photographic, which were hotlinked to their 960 appropriate flooded locations within the case study areas on the Lagos basemap (figure 14 Coupling of CA and SIFDS in the new model made the simulation speed reasonably 1012 impressive. This is somewhat an adaptive time stepping scheme which chooses a time step 1013 for a complete iteration by comparing two time steps and choosing the minimum of the 1014 two. On the whole, the simulation duration for GFSP-1 is dependent of the DEM spatial 1015 resolution. For a 2-m DEM and 17 hour (for Lagos) spells of rain lasted 3.5 hours and 5 hours 1016 respectively on Intel(R) CPU 2.8GHz processor, 32 GB RAM and 1TB windows 10 computer.
1017
The time could be doubled if 1-m DEM used or halved by using a 5-m DEM. Unfortunately, 1018 scaling up the spatial grid of the DEM compromises the simulation output. However, to 1019 restrict modelling on the basis of higher resolution DEMs, more sophisticated computer 1020 facilities can largely improve the simulation speed of the new model. This study has developed an effective and efficient flood model, GFSP-1, to simulate urban 3 flooding inundation for urban flood risk management. The model combines cellular 4 automata (CA) framework and a semi-implicit finite difference scheme (SIFDS), based on the 5 original work of Casulli (1990) . Within the CA framework, a von Neumann neighborhood 6 system defines the discrete space, whilst a set of transition rules are shown to govern the 7 introduction of water and its movement in and out of the cell. The SIFDS is an attempt to 8 combine the merits of explicit and implicit numerical scheme within a single numerical 9 formulation. It is shown that the dynamic link between the CA and the SIFDS improves on 10 the model time step. innovations in the new model are: (1) the integration of SIFDS and CA, (2) the ability to run 31 with a minimum of input data, a suitable DEM and rainfall intensity or amount and (3) 32 outputs format that can be accessed easily using any available GIS program. Outputs from 33 the model are written as arc grid files that can be opened easily in any GIS program.
35
This research is the first ever attempt to publish flood modelling procedure for the Lagos 36 area, and this will have a significant impact in the understanding of urban flooding and flood 37 risk management in this city. Additionally, coupling SIFDS and CA within a flood model 38 framework is innovative in flood modelling research, and is expected to make significant 39 contribution to the science of flood risk assessment. However, there are few uncertainties, 40 which are being recommended for future studies. Firstly, the suitability of global DEMs to 41 accurate prediction of flooding within the new model framework is still unknown. More 42 testing and validation of the model using other urban inundation flood models need to be 43 undertaken. Representation of complex urban features which influence the movement of 44 flood water may be a major source of uncertainty to the performance of the model. This 45 also has to be investigated in future research. 
